
1 

d 
c 

Reacting Fluids Laboratory 

Department of Chemical Engineering 

Louis iana S ta te Un i v e r  8 i t y  

Baton Rouge, Louts i ana  

A Technical Report 

on 

THERMODYNAMIC PROPERTIES IN POLYNOMIAL FORM 

FOR CARBON, HYDROGEN, NITROGEN, AhD 

OXYGEN SYSTEMS FROM 300 TO 15000'K 

D. D.  Esch, Research Associate  
A.  Siripong, Research A s s i s t a n t  
R. W. Pike, Associate  Professor 

Co-Principle Inves t iga to r  

NASA-RFL-TR-70-3 

Prepared under Grant NGR19-001-059 

for 

Langley Research Center 

NATIONAL AERONAUTICS AND SPACE AIMINISTRATION Z09 WIO4 Al I lDV4 

REPRWUCED BY 
NATIONAL TECHh1-L I 

~ 

!, INFORMATION SERVICE 1 
U. S. DEPARTMENT OF COMMERCE 

SPRINGFIELD. VA. 22161 

November 15, 1970 



N O T I C E  

T H I S  D O C U M E N T  HAS B E E N  R E P R O D U C E D  F R O M  

T H E  B E S T  C O P Y  F U R N I S H E D  U S  BY T H E  S P O N S O R I N G  

A G E N C Y .  A L T H O U G H  IT IS R E C O G N I Z E D  T H A T  C E R -  

T A I N  P O R T I O N S  A R E  I L L E G I B L E ,  IT I S  B E I N G  R E -  

L E A S E D  I N  T H E  I N T E R E S T  O F  M A K I N G  A V A I L A B L E  

A S  M U C H  I N F O R M A T I O N  A S  P O S S I B L E .  



React ing Fluids Laboratory 

Department of Chemical Engineering 

Louisiana State  Univers i ty  

Baton Rouge, Louisiana 

A Technical Report  

on 

THERMODYNAMIC PROPERTIES I N  POLYNOMIAL FORM 

FOR CARBON, i-iiDEGGEN, NITP,OGEh.r, ANI! 

OXYGEN SYSTEMS FROM 300 TO 15000°K 

D. D.  Esch, Research Associate  
. A .  Sir ipong,  Research A s s i s t a n t  

R .  W. Pike, Associate  Professor  
Co- Pr i nc  i p l e  Inves t i g a  t o r  

NASA-RFL-TR - 7 0-3 

Prepared under Grant NGR19-001-059 

f o r  

Langley Research Center 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

November 15, 1970 



ABSTRACT 

Thermodynamic p r o p e r t i e s  of carbon, hydrogen, n i t rogen  and oxygen 

compounds as w e l l  as s e l e c t e d  i n e r t s  (Neon, Argon and Helium) are f i t t e d  

t o  gene ra l  polynomial forms over the  following temperature  ranges: 

t o  1000oK, lOQ0 t o  6000°K, and 6000 t o  150000K. A r e fe rence  s ta te  of 298.16"K 

and 1.0 atmosphere w a s  chosen w i t h  H 2, N 2 ,  02, Ne, A r ,  He, C ( s o l i d )  and e' 

300 

as re fe rence  elements.  Seven c o e f f i c i e n t s  are t abu la t ed  f o r  each of t h e  99 

species considered and f o r  each temperature range of i n t e r e s t .  
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NOMENCLATURE 

h e a t  capac i ty  pe r  mole a t  cons tan t  pressure  

s tandard f r e e  energy of a pure substance a t  temperature T 

standard en tha lpy  of a pure substance a t  temperature T 

s tandard enthalpy of a pure substance a t  a temperature of O O K  

un ive r sa l  gas cons tan t ,  1.987 cal/mole°K 

standard entropy of a pure substance a t  temperature T 

abso lu te  temperature 

mole f r a c t i o n  of spec ies  i 

s tandard  h e a t  of formation a t  temperature T 

'i 

(AHfo)T 

Subscipts  : 

i r e f e r s  t o  spec ie s  

T abso lu te  temperature (OK) 

P cons tan t  pressure  

Superscr ip ts  : 

0 denotes  the  standard s ta te  (pure substance a t  1 atmosphere 
p re s  su r  e) 
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I. INTRODUCTION 

In  r e c e n t  years  i t  has become inc reas ing ly  important t o  accu ra t e ly  

determine the  equi l ibr ium compositions of multicomponent systems a t  

very high temperatures.  In  the  flow-Eield ad jacent  t o  a b l a t i v e  thermal 

p r o t e c t i o n  systems, temperatures as high as 30,000"K a r e  not  uncommon. 

The most widely used method fo r  c a l c u l a t i n g  equi l ibr ium compositions f o r  

b such problems is  t h a t  of f r e e  energy minimization. 

In  order  t o  make use  of t h i s  method, the  f r e e  energy of each of the  

It is convenient,  components i s  requi red  as a funct ion of temperature.  

f o r  the  cmputer implementation of f r e e  energy minimization techniques,  

t o  have t h i s  information as polynomial c u r v e - f i t s .  For temperatures below 

6000°K, Mcbride -- e t .a l .  (Ref. 9)  conta ins  such information f o r  many spec ie s  

of i n t e r e s t .  These thermodynamic p rope r t i e s  are based on a r e fe rence  s t a t e  

a t  298.16"K. There a r e  also numerous r e p o r t s  (Refs. 8 and 1 2 )  on high 

temperature flow f i e l d  s tud ie s  i n  which the  f r e e  energy of the  spec ie s  of 

i n t e r e s t  f o r  the  p a r t i c u l a r  study have been f i t t e d  t o  polynomials, f requent ly  

a t  a r e fe rence  s ta te  of 0°K. 

Two a l t e r n a t i v e s  are ava i l ab le  f o r  the  procurement of da t a  necessary 

equi l ibr ium ca lcu la t ions :  (1) the i n v e s t i g a t o r  is requi red  t o  search  

through va r ious  r e p o r t s  f o r  the necessary polynomial cons tan ts ,  then t r ans -  

form these  va lues  t o  a cons is ten t  re ference  ' s t a t e  o r  (2)  compute the  

polynomial f i t s  t he  f r e e  energy func t ions  as found i n  a number of r e p o r t s ,  

(Refs. 2-6, 11 and 13). 

t h e  hea t s  of  formation fo r  the spec ie s  of i n t e r e s t .  

Both procedures involve an a d d i t i o n a l  eva lua t ion  of 

It is t he  purpose of t h i s  r e p o r t  t o  consol ida te  i n t o  one source,  a 

s tandard set o f  polynomial cu rve - f i t s  of thermodynamic d a t a  f o r  spec ie s  of 

p a r t i c u l a r  i n t e r e s t  i n  high temperature s t u d i e s  of a b l a t i v e  thermal 
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pro tec t ion  systems. In  the sec t ion  t o  follow, the re  w i l l  be a review of 

t h e  r e l a t i o n s h i p s  between the  thermodynamic p rope r t i e s  and a d iscuss ion  

of 

in 

the  techniques used t o  obta in  the  polynomial 

Appendix A. 

cons tan ts  as repor ted  

Il . MATHEMATICAL DEVELOPMENT 

In t h i s  s e c t i o n  we w i l l  f i r s t  der ive  from fundamental r e l a t i o n s  a 

b convenient polynomial form f o r  the  expression of s tandard f r e e  energy and 

demonstrate s e v e r a l  important r e l a t i o n s  which permit the  eva lua t ion  of 

o the r  thermodynamic p rope r t i e s  from the same set of  cons tan ts .  The 

remainder of t h e  s e c t i o n  w i l l  contain a d iscuss ion  of tho procedilre 

used i n  t h i s  work to  eva lua te  the polynomial cons tan ts .  

Evaluat ion of Polynomial Forms 

Thermodynamic d a t a  i s  widely a v a i l a b l e  (Refs. 2-6, 11, 13) f o r  many 

substances r e l a t i v e  t o  t h e i r  values a t  abso lu t e  zero.  

d a t a  appears  i n  the  form of the thermodynamic func t ions ,  

and (FT 

s tandard  s ta te  ( t h e  pure component a t  1 atmosphere p re s su re ) .  The 

properties H~ 

r e f e r r e d  t o  as "standard" proper t ies .  In  the  d i scuss ion  t o  follow we 

w i l l  f i r s t  de r ive  the  required polynomial form f o r  c u r v e - f i t s  of t h i s  

d a t a  and then demonstrate the  r e l a t i o n s h i p  necessary f o r  ob ta in ing  the 

thermodynamic p rope r t i e s  r e l a t i v e  t o  the  des i r e d  r e fe rence  state of the  

Generally t h i s  
0 

(HT - Ho0) /RT 
0 0 - Ho )/RT where the  supe r sc r ip t  (") denotes the  quan t i ty  a t  

0 0 

and *T computed from these  func t ions  w i l l  h e r e a f t e r  be 

elements a t  298.16"K and one atmosphere. 

Using the  fol lowing thermodynamic r e l a t i o n s  a t  cons tan t  pressure:  

dHo = C "dT P 
C OdT 

T dSo = 



Standard h e a t  capac i ty  d a t a  can be convenient ly  f i t t e d  t o  the  fol lowing 

polynomial form: 

0 2 3 4 - a + a T + a T  + a 4 T  + a 5 T  cp  - 1 2 3 

S u b s t i t u t i n g  t h i s  r e l a t i o n  i n t o  Equation (1) and i n t e g r a t i n g  gives:  

4 
+ - + -  allnT + a T + - 0 

7 + a 
a3T2 a4T3 

ST 2 2 3 4 
= 

(3) 

(4 )  

where a is  an i n t e g r a t i o n  cons tan t .  The use of the  i n d e f i n i t e  i n t e g r a l  

h e r e  i s  necessary since t h s  p o l y m ~ i a l  formulat ion y i e l d s  an indeterminant 

7 

express ion  a t  abso lu t e  zero;  however, t h i s  does no t  present  any d i f f i c u l t i e s  

at temperatures o the r  than absolu te  zero.  

The d e r i v a t i v e  of  t h e  standard f r e e  energy of  a substance can be 

def ined  i n  terms of s tandard  enthalpy and entropy as 

dFo = dHo - d(TSo) = dHo - TdSo - S,dT 

From Equations (1)  and (2)  i t  is  noted t h a t  

dHo = TdSo 

t h e r e f  o re  

0 0 

dF = -ST dT 

(5) 

(7) 

I n t e g r a t i n g  t h i s  express ion  in temperature from. abso lu te  zero  wi th  ST' 

def ined  by Equation ( 4 )  y ie lds  the  fol lowing 

5 
0 a4T4 a T 1 

2 3 
a2T a3T + - + - + -  + a7T  

1 
FT - Fi = [a l ( lnT - l ) T  + - 2 6 12 20 



In  genera l ,  s tandard  f r e e  energy d a t a  i s  t abu la t ed  i n  non-dimensional 

Performing t h i s  nondimensionalization by d i v i d i n g  by RT and no t ing  form. 

t h a t  Fo = Ho g ives  
0 a 

n 0 

(9) 
where A 

From Equations (1) and (3 )  the  comparable polynomial express ion  f o r  s t a n -  

= a l / R ,  A2 = a 2 / R ,  ..., A5 = a /R and A7 = a 7 / R .  1 5 

dard enthalpy can be der ived.  

We have thus der ived  polynomial express  ions f o r  t he  thermodynamic 

func t ions  of s tandard entropy,  enthalpy and f r e e  energy r e l a t i v e  t o  0 ° K .  

I n  order  to  determine r e l a t i v e  va lues  of en tha lpy  and f r e e  energy from 

these  func t ions  i t  is necessary t o  s p e c i f y  a r e fe rence  s ta te .  It is con- 

ven ien t  t o  select  t h e  elements a t  298°K and one atmosphere pressure  f o r  

t h e  re ference  s ta te ,  s ince  t h i s  condi t ion  is most widely used. The choice 

o f  re ference  s ta te  is  r e l a t e d  t o  the  de te rmina t ion  of the  thermodynamic 

HOo , proper ty  through the  enthalpy a t  abso lu t e  zero ,  Hoo. For an  element,  

is equiva len t  t o  t h e  change in  enthalpy from the  r e fe rence  temperature t o  

absolu te  zero.  For a compound, the hea t  of formation from elements must be 

included. Since t h e  l a t t e r  quant i ty  is i d e n t i c a l l y  ze ro  f o r  elements w e  

0 '  can  w r i t e  a genera l  expression f o r  H " 

is ava i l ab le  from the  t a b u l a r  d a t a  t o  be f i t t e d .  
T - HOO )Tre f  where (H 

In non-dimensional form, t h i s  equat ion becomes 



Having def ined  a r e fe rence  s t a t e  i t  is a simple matter t o  determine t h e  thermo- 

dynamic p rope r t i e s  from the  thermodynamic func t ions  as follows: 

0 

- FT - - A1(l  - 1ny) - A2 YT - -T A3 2 - A4 - T  3 - A5 - T  4 + -  A6 - 
RT 6 12 20 T 

0 

- = :  HT A3 2 + - T  A4 3 +-T A5 4 + -  A6 
RT 2 3 4 5 T 

A ; + - T + - T  A2 

0 r 
where A = Ho /R = I  AH^)^^^^ - ( H ~ O  - H O )  1 / ~  6 L 0 TrefA 

A summary of  t he  polynomial expressions d iscussed  i n  t h i s  s e c t i o n  i s  

given i n  Table 1. For the  remainder o f  t h i s  s e c t i o n  w e  w i l l  d i s cuss  the 

method used t o  o b t a i n  t h e  appropr ia te  c o e f f i c i e n t s  f o r  these  polynomials. 

Determination of  Polynomial Coeff ic ien ts  

There are s e v e r a l  procedures f o r  ob ta in ing  the  polynomial cons tan ts  

as requi red  f o r  t he  equat ions given i n  Table 1. McBride e t . a l . (Re f .  9 ) ,  

used a least squares  technique which w a s  s imultaneously appl ied  t o  a l l  four 

o f  the  thermodynamic funct ions.  

emphasis w a s  placed upon the  free energy f i t  r a t h e r  than the  p rope r t i e s  

i n  genera l .  

cons t an t s  is explained.  

-- 

For the  purpose o f  t h i s  r e p o r t ,  the  

In t h e  following paragraphs the  procedure f o r  determining these  

From tabula ted  enthalpy func t ions  as given i n  s e v e r a l  r e p o r t s ,  f o r  

example Refs.  2-9, the  following polynomial w a s  curve f i t  us ing  a simple 

least squares  a n a l y s i s ,  
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TABLE 1 

A Summary of Related Polynomial Equations for Standard 
Thermodynamic Properties 

Speci f ic  Heat 

C "  2 3 4 2 = A 9 A2T + A3T i A4T + A5T R 1 

En tha 1 py 

-- 2 A3 2 A4 3 A5 4 + A6 
RT 2 3 4 5 T = A I  + -T + -T f -T +-T - HTO - 

En t r 0 py 

S O  A3 2 A4 3 A5 
+ A7 2 =.AllnT + A2T + TT + -T + - R 3 4 

F r e e  Energy 

A3 2 A4 3 A5 4 A6 
2 6 12 20 T A7 

A2 --T - - T  + - -  - FTO = A1(l-lnT) - -T - --T 
RT 
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0 

.2 3 *To - Ho = B 1 + B 2 T + B T  + B T  RT * 3  4 

From Equation (10) the  cons tan ts  A 

below: 

through A5 1 

A1 = B1 

A2 = 2B2  

Ag = 3 B 3  

A 4  , = 4 B 4 .  

A5 = 5 B 5  

The cons tan t ,  A6, w a s  computed s e p a r a t e l y  

(16) 
4 + B5T 

were determined as shown 

from Equation (15), t he  

appropr i a t e  va lues  of  the  h e a t  of formation 298.16 and the  r e l a t i v e  enthalpy 

a t  t h e  re ference  temperature.  I n  Appendix B the  method used f o r  c a l c u l a t i n g  

t h e  h e a t s  .of formation a t  the  re ference  temperature is presented.  Also 

contained i n  t h i s  appendix i s  a t a b u l a t i o n  of t he  h e a t s  of formation a t  

298.16'K and a t  O°K f o r  each compound considered i n  t h i s  r epor t .  

The va lue  of A7 was determined as t h e  cons tan t  d i f f e r e n c e  between t h e  

t abu la t ed  f r e e  energy d a t a  and t h e  remaining terms of t h e  f r e e  energy 

polynomial as computed from the previous ly  determined cons t an t s ,  ... . 

. I n  t h i s  r e p o r t  cons t an t s  were eva lua ted  a t  , t w o  temperature ranges 

f o r  a l l  spec ie s  of i n t e r e s t  and are l i s t e d  i n  Appendix A. The ranges considered 

cons idered  were 1000-7000°K and 5000- 18000°K. The overlapping and ex tens  ion  

of temperature ranges w a s  necessary t o  overcome accuracy l i m i t a t i o n s  a t  t h e  

extremes of t h e  f i t .  For completeness, polynomial c o e f f i c i e n t s  as determined 

by o t h e r  i n v e s t i g a t o r s  have been included f o r  several a d d i t i o n a l  spec ie s  fm 

the ranges Of  300-'LOO0°K and 1000-6000°K. 
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111. DISCUSSION OF RESULTS 

The above procedure f o r  determining t h e  polynomial c o e f f i c i e n t s  w a s  

implemented using a For t ran  I V  Computer program, a l i s t i n g  of which is  given 

i n  Appendix C. The polynomial cons tan ts  as determined by t h i s  program are 

given i n  Appendix A. 

sources  are given f o r  add i t iona l  spec ie s  of i n t e r e s t .  

t a b u l a t i o n s  of f r e e  energy, enthalpy,  hea t  capac i ty  and entropy as p red ic t ed  

by the polynomial c u r v e f i t s  of th is  r epor t  are glven f o r  each of t h e  

s p e c i e s  considered. 

A s  previously noted, cons t an t s  from var ious  o t h e r  

I n  Appendix D 

. .  

The cons tan ts  which were evaluated by the method of t h i s  r epor t  g ive  

p red ic t ions  of f r e e  energy and enthalpy which are accura t e  t o  a minimum 

of fou r  s i g n i f i c a n t  f i gu res .  For most species repor ted ,  p red ic t ions  are 

accura t e  t o  f i v e  s i g n i f i c a n t  f i gu res .  

r e spec t  t o  p r e d i c t i o n s  of entropy and hea t  capac i ty  revealed a maximum 

dev ia t ion  of 1.58% wi th  a mean e r r o r  of 2.12%. 

To f u r t h e r  tes t  t h e  a p p l i c a b i l i t y  of t hese  r e s u l t s ,  t h e  thermodynamic 

A random sampling of accuracy wi th  

cons tan ts  as determined i n  t h i s  st-udy were used i n  s e v e r a l  f r e e  energy 

minimization ca l cu la t ions  t o  determine the  equi l ibr ium compositions of a i r  

and of phenolic res in-nylon composites. ,A comparison of these  r e s u l t s  

f o r  a i r  a t  0.68 a t m .  i s  given i n  F ig .  1. The thermodynamic da ta  requi red  

f o r  a b l a t i o n  products w a s  used t o  compute equi l ibr ium compositions f o r  

phenol ic  nylon wi th  an elemental d i s t r i b u t i o n ,  i n  mass percent .  of 

7.29% H, 4.96% N, and 14.72% 0. These r e s u l t s  which a r e  given i n  F igs .  

2, 3 ,  and 4 a r e  i n  agreement with those of Stroud and Brinkley, Ref. 12. 

In another  comparison, the  equi l ibr lum compositions of a i r  a t  1 atmosphere 

were then used i n  conjunction wi th  pred ic ted  va lues  of hea t  capac i ty  and 

73,03%C, 
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F i g .  1 Comparison of Specie Number Density Versus Temperature 
Calculated Using the Methods for a Pressure of .68 Atm. 
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enthalpy t o  compute the  mixture heat capac i ty  of  a i r  by the  fol lowing 

equat ion,  

+ 
P " = yicpi 

The r e s u l t s  w e r e  then compared with 

i n  Figure .5.  The comparison is  aga in  

Iv. SUMMARY 

The o b j e c t i v e  of t h i s  repor t  was 

-- 

those of o t h e r  i n v e s t i g a t o r s  

q u i t e  favorable .  

t o  cons t ruc t  a s tandard  IBc-t of 

polynomial c u r v e - f i t s  of thermodynamic data f o r  spec ies  of i n t e r e s t  i n  

high temperature s t u d i e s  of ab la t ing  thermal p ro tec t ion  systems. 

l i n e  with t h i s  ob jec t ive ,  polynomial c o e f f i c i e n t s  f o r  temperatures from 

1000-6000°K and from 6000-15000°K were determined f o r  53 chemical spec ie s  

using the  method descr ibed i n  Sec t ion  11. 

In 

Making use  of compatible c u r v e - f i t s  from other  sources ,  t h i s  l i s t  

w a s  extended t o  99 spec ie s ,  many having cons tan ts  repor ted  f o r  t h r e e  

temperature ranges from 300-15000°K. Constants f o r  the  remaining 

spec ies  a r e  r epor t ed  e i t h e r  for  the  300-1000°K and 1000-6000°K ranges 

o r  t he  1000-6000°K and 6000-15000°K ranges.  It should be noted t h a t  

those spec ie s  whose c o e f f i c i e n t s  are not  repor ted  f o r  a p a r t i c u l a r  

temperature range,  are not  l i k e l y  t o  e x i s t . i n  equi l ibr ium wi th in  the  

omitted range. 

. 

Using t h e  computer program given i n  Appendix C,  similar c u r v e - f i t s  

can be obtained f o r  any given component from t abu la t ions  of i t s  f r e e  

energy and en tha lpy  functions and the  h e a t  of formation of the  des i r ed  

component. 

nomial c u r v e - f i t s  is now ava i l ab le  f o r  spec ies  of i n t e r e s t  f o r  

s t u d i e s  of a b l a t i n g  thermal p ro tec t ion  systems. 

Thus as a r e s u l t  o f  t h i s  r e p o r t ,  a s tandard  set  of poly- 
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APPENDIX A 

TABULATED CONSTANTS FOR POLYNOPlIAL APPROXIMATIONS 
O F  THERMODYNAMIC PROPERTIES 

This  appendix conta ins  i n  t abu la r  form t h e  necessary cons tan ts  f o r  

p red ic t ion  of enthalpy,  f r e e  energy, hea t  capac i ty  and entropy,  by t h e  

following equat ions.  

HTo A2 A 3 2  A 4 3  A 5 4  Ab 
ii= A1 + TT 4- -T t -T + -T + - 
RT 3 4 5 6 

A2 A3 2 A4 3 A5 4 Ab 
RT 2 6 12 20 T A7 

A1 (1-lnT) - -T - -T - -T - -T + -  - FTo - =  

"p A 1 + A T + A 3 T  2 + A T  3 +A5T 4 
R ' 2  4 

A3 2 A4 3 A5 
+ A7 

A l l n T  + A  T f y T  f -T 4- - 
R 2 3 4 

sTO - =  

The cons t an t s ,  A1 through A 

n o t a t i o n  i s  used: 

are given i n  Table A - 1  where the fol lowing 7 '  

S P E C I E  pure component 

C ~ D E  the  reference source of data 

B 1 ,  B 2 ,  B 3  

D 1 ,  D 2  

. ._ 

M 1 ,  M2 

* 
A1-A7 

da ta  s o u r c e  from Browne ( 2 , 3 , 4 , 5 )  f o r  temperature 
regions 300°K t o  1000"K, 1000°K t o  6000°K and 
6000°K t o  15000°K re spec t ive ly .  

d a t a  source from Duff ( 4 A ) ,  f o r  temperature 
regions 300°K t o  1000°K and 6000°K t o  15000°K 
respec t ive ly  

da ta  source from McBride (9), f o r  temperature . 
regions 300°K t o  1000°K and 1000°K t o  6000°K 
re s pe c t iv  e 1 y 

constants  computed i n  the  re ference  shown 

the  constants  f o r  the  thermodynamic func t ions  



4-9 
4-4 
I I  

L L ' U  

+ + 
a + 

4 

+ + + + + + + + + 
C 4 u V u 

I 
V 

18 



, -  

m 

u 
r 



20 

e .  

c c-' 

0 0  
I 

ni .+ C 



c 

, 

I -  

,* 

m 
V 

21 



22 
. 4 r v  
3 3 

+ 

4 c v  
n3 
si -:t 

N A  
00 

I I  
w uf 

I I  
U J  'I] 

l-4 

c 
4 - 4  
(3 



c 





+ 
3 in + 
rn CU + + 
I- T z z 

+ 
+ + 
2 z 



f h + 
3 =! rn N N z 6. - 7 P z z 

a 
-7 



o c  
I 

I I  
LU Lu 

I 
3 

27 





29 

APPENDIX B 

DETERMINATION OF THE HEATS OF FORMATION OF PURE 

CaMPOUNDS AT 298°K 

As ind ica ted  i n  the  in t roduct ion  of  t h i s  r e p o r t ,  several sources  used 

f o r  the  thermodynamic func t ions  gave tabula ted  p rope r t i e s  of en tha lpy  

and f r e e  energy re la t ive  t o  elements a t  0 ° K .  In  order  t o  transform t h i s  

r e fe rence  temperature t o  298.16, i t  i s  necessary t o  know the  h e a t  of 

r e a c t i o n  a t  the lat ter temperature. The method used can be b e s t  i l l u s t r a t e d  

by Figure B-1. 

Reactants  (AHf)298. 16°K 
a t  298.16"K ----39 

(unknown) 

298.16 

lo 
m1 = CAHr 

Products 
a t  298.16'K 

Reactants  
a t  0°K 

Products 
a t  0°K 

e 

Figure  B-1. Determination of  Heat of Formation a t  298.16"K from Heat 
of Formation a t  0°K 

By d e f i n i t i o n ,  the  hea t  of formation of a compound is  the  en tha lpy  change 

incur red  by i t s  production. Since enthalpy i s  a poin t  func t ion  and as 

such is  independent of pa th ,  we can cool  the r e a c t a n t s  from the r e fe rence  

temperature of  O"K, allow the  formation r e a c t i o n  t o  occur a t  the  lower 

temperature,  and then hea t  the products  back t o  the  new re fe rence  tempera- 

t u r e  of 298.16"K. Through t h i s  process  w e  can e s t a b l i s h  t h e  enthalpy of 
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t h e  r e a c t i o n  products  r e l a t i v e  to  the  r e a c t a n t s  o r  the  hea t  of r e a c t i o n  

a t  298.16'by the  fol lowing r e l a t i o n ,  

0 n 

(AHf- '298.16 

Some care must be exercised i n  s e l e c t i n g  the  r e a c t i o n  f o r  the  formation 

o f  a p a r t i c u l a r  compound. The enthalpy of the  r e a c t a n t s  must be s p e c i f i e d  

r e l a t i v e  t o  t h e  r e fe rence  species .  It is the re fo re  convenient t o  use the  

r e fe rence  spec ies  as r e a c t a n t s  i n  formation r e a c t i o n .  The r e fe rence  elements 

u s e d ' i n  t h i s  a n a l y s i s  are; H2 ,  N2, 02, N e ,  A r ,  H e ,  carbon s o l i d  and e'. The 

r e a c t i o n  used f o r  the  formation of each compound are l i s t e d  i n  Table B-1. 

Also included i n  t h i s  t a b l e  a r e  the  hea t s  of formation a t  0°K and 298.16"K. 
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Table B-1 .  Reactions and Heats of Formation 

Component React ion 

N 

0 

c (gas 1 
A+ 

N+ 

O+ 
C+ 

A++ 

Oft. 

C* 

A* 

N f w  

0- . 

C* 

Ne+ 

N++. 

N e u  

Ne* 

. 0- 
H 

OH 

H20 

HO2 
HCO 

H2C0 

1 / 2  N2 -tN 

1 / 2  o2 * 0 

c + c  
A + A + +  e- 

1 / 2  N~ + N+ + e- 

1 / 2  o2 o+ + e-  

C, C+ + e- 

N e  -t N e +  + e' 

A + A* + 2e- 

112  N~ -, N* + 2e- 

1 / 2  o2 4 O* + 2e- 

C$ 4 C* + 2e- 

Ne -.) Ne* + 2e' 

A + A * +  3e- 

1 / 2  N~ N+++ + 3e- 

1 / 2  o2 + o+'+ + 3e- 

C, c+++ + 3e- 

N e  + Ne* + 3e' 

1 /2  O2 + e- 0- 

1 / 2  H2 4 H 

1 / 2  O2 + 1 / 2  H2 4 OH 

1 / 2  02 + H2 4 H20 

O2 + 1 / 2  H2 4 H02 

(AHf0)298.16 
(Kcal/gmole) 

112.951 

59.544 

171.301 

364.828 

449.709 

374.867 

432.357 

449.07 1 

1003.252 

907.179 

1186.408 

935.898 

1447.366 

1947.934 

2003.648 

2454.520 

2101.403 

2918.493 

24.156 

52.098 

9.3575 

-57.8018 

5.0244 

C2 + 1 / 2  O2 + 1 / 2  H2 +HCO 

Cs + 1 / 2  O2 + H2 -o H2 CO 

-3.224 

-27.8168 

HCO+ C 

H ~ O +  

c2 - C s * C  

CH2 

CH3 

+ 1 / 2  O2 + 1 / 2  H2 + HCO++ e' 206.5688 

140.6009 

197.0259 

CH Cs + 1 / 2  H2 + CH 142.3965 

94.8097 

31.8032 

CH4 Cs + 2H2 4 CHq -17.8964 

S O2 + 3H2 + 2H30 + + 2e' 

2 

C, + H2 4 CH2 

2Cs + 3H2 4 2CH3 

(AH; )O 
(Kcal/gmole) 

112.507 

58.972 

169.990 

363.345 

447.564 

372.942 

429.537 

497.186 

1000.280 

905.023 

1182.600 

991.689 

1444.350 

1943.490 

1998.760 

2449.470 

2095.690 

2914.050 

25.193 

51.620 

9.300 

-57.107 

5.700 

-3.311 

-26.900 

205.000 

141.000 

195.000 

141.600 

95.000 

34.400 

-15.990 

Reference 

3. 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

5 

5 

5 

5 

9 

5 

5 

5 

5 

5 

5 

5 

5 
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Table B - 1 .  (cont.) 

Corn ponen t React ion (@fO 1298.16 
(Kcal/gmole) 

2Cs 4z 1 / 2  H2 4 C2H C2H 
C2H2 2Cs + H2 4 C2H2 

4Cs + 3H2 4 2C H 
C2H3 2 3  
C2H4 ‘ 2Cs + 2H2 + C2H4 

‘qH2 
NO 

co 

4Cs + H2 I( C4H2 

1 / 2  N2 + 1 / 2  O2 - NO 

cs + 1/2  o2 -4 co 
o +  

2+ 
N2 

o2 02+ + e- 

N~ + N ~ +  + e- 

1 / 2  N + 1 / 2  o2 -+ NO+ + e- 2 NO+ 

co+ 
O2- 

cS + 1 / 2  o2 + CO+ + e- 

e’ + O2 4 02- 

CN 

C2N2 

Cs + 1/2 N2 4 CN 

2Cs + N2 + C2N2 

c3 3cs + c3 
C- Cs + e’ -.. C’ 

117.6488 

53.8670 

64.9850 

14.4926 

111.7205 

21.6009 

-26.4179 

280.2099 

364.9392 

237.3239 

298.2493 

- 19.0502 

109.7865 

74.1277 

189.6115 

142.2300 

(AH; )O 
(Kca 1 /gmo l e )  

116.700 

54.330 

66.900 

14.520 

111.300 

21.477 

-27.202 

277.918 

359.306 

Reference 

5 

5 

5 

5 

5 

3 :  

3 

3 

3 

235.836 3 

295.977 3 

-23 .OOO 3 

109.000 4 

73.400 4 
188.000 4 
141.000 4 
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APPENDIX C 

LISTING OF COHPUTER PROGRAM 
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D A T E  = 71042 18  /C5 / 4 h  

001 
302 
C03 
004 
005 

PC.7 
@08 
9 0 9  
C13 
011 
3 1 2  
0 1 3  
914 

nnb 

, 

' 01  5 

C 
C 
C 

c 
C 
C 

r 
CI 

r " 
c " 
c 
t 

' r  

c 
Y 

r 
c. - 
Y 

t 
C 
C 
C 
C 
C 
C 
C 
r " 
P 
CI 

C 
C 
c 
Y 

c 
&# 

c 
C 

C 
C 
C 
C 
C 
C 

c 
b 

P R O G R A Y  'OR C U R V E - F I T  3F T H E R M O D Y N A M I C  F U N C T I O N S  * 
T H I S  P a O G R A Y  C A L C U L A T E S  T H E  V A L U E S  O F  T H E  CCINSTANTS A l - A 7  F O R  * 
T H E  P O L Y l V O Y I A L  FORMS OF T 1 E  F R E E  E N E R G Y 9  E N T H A L P Y 9  t I E A T  ' * 
C A P A C I T Y ,  4 N D  F N T R O P Y  R F L A T I U N S H I P S  A S  USED I N  P l C B R I D E v E T  AL.9 I. 
V A S A  SP-30019 PP.  1 4 - 1 5 .  * 
T H F  F O L L O W I N G  I N P U T  D A T A  ARE R E Q U I % € D *  

* 

* 
* 

1. I D E N T I F I C A T I O N  CARD--  C O N S I S T S  OF S P E C I E S  ro: 
NdME I N  COLS. 1 - 8 9  R E F E P E N C E  T E M P E R A T U R E  * 
I N  COLS. 16-229 D E L T A  H OF F O R M A T I O N  A T  T H E  * 
R E F E R E N C E  T E N P E R A T U g E  ( C A L / Y O L E )  I N  C O L S .  32-46, I 
A N D  T H E  V A L U E  OF T H E  E N T H A L P Y  F U N C T I O N  AT T H E  * 
R E F E R E N C E  T t M P E R A T U R E  ( C A L / M O L F )  I N  C O L S .  51-63. f 
A L L  N U M E R I C A L  E N T R I E S  O N  T H I S  C A R D  A R E  T O  BE I V  8 
F- F ORMAT . * 

2. SOi iRCF C A R D  -- C 2 L S . 1 - 7 9  ARE A V A I L A R C E  * 
F D R  A B R I E F  R I B C J O G R A P H I C A L  C I T A T I O V .  * 

30 F U N C T I O I V  D A T A  C A R D S  -- l H E S E  C A 4 D S  C O N T A I h  8 
T E M P F R A T U R E S  I Y  COLS. 1-69  A N D  T H E  f 
C O R R F S P O N D I N G  V A L U E S  O F  T H E  FREE E N E R G Y  :% 
AND E N T H A L P Y  FUNCTIONS R E S P E C T I V E L Y  I N  8 
C O L S  7-2(! AND 21-34. T H E  F O R M  OF THESE 8 
F U N C T I O N S  A S  R E a U I R E r )  FOR I N P U T  C A N  BE V A R I E D .  * 
I N  GEPJERAL, T A B U L A T E D  D A T A  I S  OF T H E  F O R M  CIF f 

THE NUMRFR 1 C A N  R E  I N S E R T E Q  I N  COL.  P G  O F  * 

4. T E K b I I N A T I O N  C A ? O - - A  N E G A T I V E  V A L U E  I N  C O L S o  1 -6  * 

- I F - H * ) / T .  I F  T H E  D A T A  I S  OF T H E  FORM OF -(F-H*)p * 
T H E  SOURCE C A R D  A N D  T H E  I N P U T  WILL BE T R A N S F 0 9 Y E D  * 
I N T E R N A L L Y  T O  T H E  G E N E R A L  FORM, 

WILL T E R H I V A T E  D A T A  I N P U T .  4 F T E 3  T H I S  PACKAGE H A S  6 
H A S  B F E N  PROCESSED A R E M  SET O F  CARDS WILL BE R E A D .  * * 

f 

D O N A L D  D. E S C H  4: 

L O U I S I A N A  S T A T E  3 N I V E R S I T Y  s 
A U G U S T  1973 t 
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0 44 
c45 
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bd 
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321 
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330 

S U R R O U T  I V €  L S F  I T ( X , Y  * NLJMDE2, M t C )  
C 

c L E A S T  S Q U A R E  C U R V E  F I T T I N G  3F A N Y  O R O E R  P O L Y N Q Y I A L  

C 

C 
r, NUVDEFI IS T’IE ACTUAL N U K S E R  OF X-Y D A T A  P A I R S e , M A X I M U M  DF 200 

r 
b 

3 F  ORDER FOUAL T O  O R  L F S S  T d A N  10 c ” 

P ” 

Y I S  T H E  DEGQEE OF THF P O L Y h O M I 4 L , , M A X I M U M  OF 10 P 
b 

C N I S  THE tJUMRER OF E Q U 4 T I O N S ( = M + l )  
c X f Y  IS THF A Q R A Y  FFR THE D A T A  P A I R S  
b r A IS T H E  A R R A Y  F O R  TI‘E SUYt W H I C H  SFCONE THE C O E F F I C I E N T S  O F  THE 
t UNKNOh’Y I N  T H E  SI Q U L T A N E D U S  E O U A T I O N S .  
C B IS T H E  ARRAY Ff!9 TtIF C O N S T A N T  T F P V S  I N  T H E  S I M U L T A N E O U S  E Q U A T I O K 5  
C c IS T H E  A R R A Y  F O R  THE U N K V O N N S ~  W Y I C H  B E C 1 3 3 E  THE CGEFFICIENS I N  
c THE P O L Y N O M I A L .  
c “ P IS T H E  ARRAY F O R  T H F  POWERS OF T H E  X(I),FSOM 1 T O  2 M e  
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V 

R E A C * 8  X ~ 1 0 C ) ~ Y ~ 1 0 0 ~ r A ~ 7 r 7 ~ 1 R o , C ~ 7 ~ ~ C ~ 7 ~ ~ P ~ Z ~ ~  
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90 13 I = l r Y X 2  
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DO 13 J=lrNUYSER 
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DO 30 J = l t N  
K = I + J - 2  
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GO T O  3 9  

30 C O l v T I h l U F  
29 A ( 1  * 1 ) = ~ 4 U M B E K  

B(l)=O. 

2 1 I3 ( 1 1 =5 ( 1 1 +Y ( J 1 

B ( I  ) = P .  

D O  21 J=l,%UMRER 

D O  22 I=2tN 

DO 22 J=l,NUPSFR 
2 2  B ( I ) = ! 3 (  I ) + Y ( J ) * X ( J I * * ( I - l )  

C 
C P I V O T A L  C O N O E N S A T I O N  
r 
v 

N M 1  =N- 1 
DO 3C!? K = l , N M l  
KPl=K+l 
L =K 
00 4@? I=KPl,N 
I F (  O A R S  ( A  ( 1 9  K 1 ) - D A B S  ( A (  L t K )  1 14PO r40C ,491 
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APPENDIX D 

TABULATED THERMODYNAMIC PROPERTIES 

In t h i s  appendix va lues  of f r e e  energy, en tha lpy ,  h e a t  capac i ty  and 

entropy,  as p red ic t ed  by t h e  polynomial c o e f f i c i e n t s  l i s t e d  i n  Appendix A ,  

are given i n  t a b u l a r  form. Each t a b l e  con ta ins ,  i n  add i t ion  t o  t h e  above 

t a b u l a t i o n s ,  t h e  corresponding polynomial cons tan ts  and t h e  o r i g i n a l  source 

. 

of t h e  d a t a  from which the  constants  were evaluated.  
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